Abstract. In this study, a focused investigation of the potential for the King Salmon (KS) SuperDARN HF radar to monitor high-velocity flows near the equatorial edge of the auroral oval is undertaken. Events are presented with lineof-sight velocities as high as 2 km/s, observed roughly along the L-shell. Statistically, the enhanced flows are shown to be typical for the dusk sector (16:00-23:00 MLT), and the average velocity in this sector is larger (smaller) for winter (summer) conditions. It is also demonstrated that the highvelocity flows can be very dynamical with more localized enhancements existing for just several minutes. These shortlived enhancements occur when the luminosity at the equatorial edge of the auroral oval suddenly decreases during the substorm recovery phase. The short-lived velocity enhancements can be established because of proton and ion injections into the inner magnetosphere and low conductance of the ionosphere and not because of enhanced tail reconnection. This implies that some KS velocity enhancements have the same origin as subauroral polarization streams (SAPS).
Introduction
Observations of ionospheric plasma convection at subauroral latitudes showed the occasional occurrence of extremely fast flows of more than 2-3 km/s (e.g. Galperin et al., 1973; Anderson et al., 1991 Anderson et al., , 1993 Anderson et al., , 2001 Yeh et al., 1991; Karlsson et al., 1998; Foster and Vo, 2002; Carpenter and Lemaire, 2004) . Such flows are believed to be stretched in the magnetic L shell direction over a significant portion of the dusk ionosphere (Anderson et al., 1991; Foster and Vo, 2002) . Some of the flows are very strong and localized in Correspondence to: A. V. Koustov (sasha.koustov@usask.ca) latitude, covering less than half a degree of magnetic latitude (Anderson, 1991) while others are less intense but more extended, spanning over several degrees of magnetic latitude (Yeh et al., 1991; Foster and Vo, 2002) . Events were identified for which the flow exhibited two maxima in its latitudinal profile; one enhancement at relatively high latitudes, around the expected location of the auroral oval, and the other one at much lower latitudes (Spiro et al., 1979; Yeh et al., 1991; Anderson et al., 2001) . It was suggested to use a common term, sub-auroral polarization streams (SAPS), to characterize enhanced flows equatorward of the auroral oval (Foster and Burke, 2002) . It is believed that SAPS occur because of energetic ion and proton injections into the inner magnetosphere/plasmasphere and the setting up of radial polarization electric fields. An important factor in establishing a strong polarization electric field is the low conductance of the ionosphere at subauroral latitudes, so that the Region 2 fieldaligned currents driven by particle pressure in the inner magnetosphere can be closed through perpendicular ionospheric currents and thus support a strong northward electric field and westward convection of the ionospheric plasma. These processes are more frequent during magnetic storms (e.g. Galperin, 2002; Carpenter and Lemaire, 2004) . Persistent correlation of SAPS with substorm occurrence has also been reported (e.g. Anderson et al., 1993; Galperin, 2002) , but it is generally expected that any tail convection enhancement that accelerates particles can potentially lead to SAPS formation (e.g. Anderson, 2001; Ridley and Liemohn, 2002) .
SAPS have been traditionally studied with the Defense Meteorological Satellite Program (DMSP) satellite ion drift and precipitation data. However, satellite measurements are rather episodic, as it takes approximately 100 min for a satellite to return to the same latitude, and the combination of three satellites often does not help because of a large longitudinal separation between them. In this respect, SAPS monitoring with ground-based radars is advantageous because these measurements can be taken continuously.
Published by Copernicus GmbH on behalf of the European Geosciences Union. In the past, the Millstone Hill (MH) incoherent scatter radar has been successfully used to study SAPS (Yeh et al., 1991; Foster and Vo, 2002; Erickson et al., 2002; Foster et al., 2005) . Another opportunity to study SAPS is to utilize the Super Dual Auroral Radar Network (SuperDARN) HF radars (Greenwald et al., 1995) . Although these radars have been designed to monitor plasma convection at auroral oval and polar cap latitudes, some of them can be used for sub-auroral studies. Parkinson et al. (2003b Parkinson et al. ( , 2005a presented examples of high-velocity observations near the equatorward edge of the auroral oval. The authors introduced a term "westward flow channels" to characterize such flows and showed that they are ultimately related to the substorm development in the area of observation. All three studies are based on the Bruny Island (BI) radar data in Australia. The authors also presented a couple of examples of observations with the King Salmon (KS) radar in Alaska. Since then, two new, very useful radars started operation, the Unwin radar in the Southern Hemisphere (New Zealand) and the Wallops Island radar in the Northern Hemisphere (USA). Another new SuperDARN HF radar at mid-latitudes (northern Japan) is under construction. Clearly, the introduction of these new low-latitude radars would significantly improve SuperDARN capabilities in SAPS studies.
In this paper we undertake a more focused investigation of the potential of one of the existing radars, the King Salmon radar, in the detection of high-velocity flows near the equatorward edge of the auroral oval. Our goals are a general assessment of the radar performance, an investigation of the location of the high-velocity streams with respect to the auroral oval, as well as the role of substorm processes in exciting such streams.
Geometry of King Salmon observations and statistics
for echo occurrence and velocity Figure 1 shows the fields of view (FoVs) of the SuperDARN HF radars in the Northern Hemisphere for ranges of 400 to 2800 km. In accordance with the initial purpose of the Super-DARN experiment, the radars can monitor coherent echoes from a broad range of magnetic latitudes =65 • -85 • , which are typical auroral zone and polar cap latitudes. Potentially, one can detect echoes from the lower magnetic latitudes, especially at Hankasalmi, Kodiak and King Salmon, but one has to keep in mind that echoes at low ranges often come from the E region and their velocities can be well below plasma convection velocities in the F region (e.g. Koustov et al., 2005) . If F-region data at low latitudes are available, one can estimate the full convection velocity by using the map potential procedure of Ruohoniemi and Baker (1998) . One can also make convection velocity estimates by assuming the flow is roughly L-shell aligned and by simply dividing the measured line-of-sight (l-o-s) velocity by the cosine of the L-shell angle. Such a procedure has been used in a number of Millstone Hill papers (e.g. Foster and Vo, 2002) and to some extent in SuperDARN studies (e.g. Parkinson et al., 2003b) . Figure 1 demonstrates the advantages of the KS radar in the detection of high-velocity subauroral echoes; it has beams that are oriented close to the L-shell direction (so that total convection estimates would have minimum uncertainties) and it can detect F-region echoes from latitudes as low as 60 • in low number (most counterclockwise) beams. In Fig. 1 , one can recognize that the Stokkseyri and Pykkvibaer radars also have an appropriate "azimuthal" orientation of the beams, but these radars cover latitudes of ∼70 • , where detection of SAPS flows is very unlikely, for example, Foster and Vo (2002) reported typical SAPS latitudes of <65 • .
In this study we consider routine KS data gathered in the standard mode of operation with 1-min or 2-min scans through 16 beam positions. The KS radar has been in operation since the end of 2001, but for more than a year it experienced hardware problems, so extended periods were not covered by measurements. Figures 2a-c show typical echo occurrence rates in MLT-magnetic latitude ( ) coordinates for three different seasons: winter (December 2001), equinox (March 2002) and summer (July 2003) . Only data in beams 0-5 were considered (see shaded area in Fig. 1 (March 2002, panels (b) and (e)) and summer (July 2003, panels (c) and (f)) in magnetic latitude -magnetic local time coordinates. Only data in beams 0-5 were considered. to concentrate on those directions at which SAPS flows are expected. Occurrence rates were computed as a ratio of the number of registered echoes in every individual radar gate to the total number of observations in this gate for six selected beams over each month. Only ionospheric echoes stronger than 3 dB having spectral widths >35 m/s and velocities >30 m/s were counted to eliminate untypical echoes and reduce ground scatter contamination. Ratios were averaged over 10 minutes of observations in 1 • magnetic latitude bins. Magnetic local time was computed by taking into account range and universal time. The total numbers of considered scans were 22 737 over 17 days in December, 27 603 over 24 days in March and 16 176 over 24 days in July. The number of scans for each month is larger than the overall number of scans considered by Foster and Vo (2002) with the MH radar. We should mention that we processed all KS data available for 2001-2004 and found that the major features reported below can be identified in more comprehensive statistics. We present data for specific months to avoid possible solar cycle effects (Ruohoniemi and Greenwald, 1997; Koustov et al., 2004) . Figures 2a-c show that echoes are much more frequent in the nightside sector. Equinox is the preferential season, though winter observations also show significant occurrence rates. Overall echo occurrence rates for the KS radar are lower than for other Northern Hemisphere radars (Koustov et al., 2004) . We make appropriate comparison with the Stokkseyri radar data later. The lower occurrence rates might be related to the hardware differences; the KS radar uses a wire antenna that seems to provide less gain.
Figures 2d-f present statistics for the KS l-o-s velocity in the MLT-coordinates. Data are presented only for those bins whose echo occurrence rate was above 1.85%. The same three months of observations are considered. The red (blue) color is used to denote westward, negative (eastward, positive) velocity. The diagrams show a general trend of the velocity polarity reversal around magnetic midnight (red color to blue color) and ∼09:00 MLT (blue color to red color), as expected. The prominent feature of all three diagrams is a region of strongly enhanced velocities centered around 21:00 MLT and magnetic latitudes of ∼65 • , seen as a highvelocity "blob" standing out of the background velocity. The absolute values for the maximum average velocity are more than 425 m/s, with exceptionally strong values of >640 m/s for the winter case, and to a lesser extent, the equinox case. There is a seasonal trend; at certain latitudes, e.g. =65 • , large velocities occur in a broader sector of MLT during winter, smaller in equinox and much smaller over summer. In terms of latitude, there is not much variation; the velocity peak seems to be always around =65 • . The velocity maximum is achieved at ∼21:00 MLT for winter and summer and at ∼19:30 MLT for equinox. We should note that the summer observations show an additional area of very strong velocities between 16:00 and 17:00 MLT at ∼65 • . The enhanced velocities are not accompanied by peaks in the echo occurrence rates, presented in Figs. 2a-c. The processed data for the echo power and spectral width (not presented here) do not show any distinct features associated with the velocity enhancements, indicating that the phenomenon reflects only enhanced flows in the ionospheric plasma.
Data on average KS velocities are in contrast with observations of other SuperDARN radars, which do not show the strong velocity maximum at 21:00 MLT; see, for example, data for all radar beams at Saskatoon and Stokkseyri presented by Hamza et al. (2000) . For radars that scan mostly perpendicular to the magnetic L shells (such as the Saskatoon radar), this lack of a velocity maximum is not a surprise, as the evening sector flow is generally along L-shell directions. This argument does not work for radars whose FoV is "azimuthally" oriented, such as the Stokkseyri radar in Iceland. To illustrate the difference between the KS and Stokkseyri radar velocities, we investigated Stokkseyri observations for the same months as the KS observations (December 2001 , March 2002 and July 2003 and computed the occurrence rates and average velocities. The Stokkseyri data for the month of December 2001 (28 941 scans over 31 days) are presented in Fig. 3 in the same format as the KS data in Figs. 2a, d . One can see that the occurrence rate is 2-3 times larger than for the KS radar and the average velocity is mostly below 425 m/s in the evening sector (similar "threshold" value for the KS observations is ∼640 m/s). The radar observes at ∼5 • larger magnetic latitudes. There is no evidence for the 21:00 MLT velocity peak, with perhaps a possibility that a small peak at ∼20 MLT and =70 • is "a remnant" of the velocity maximum seen by the KS radar at lower latitude and 21 MLT. The average Stokkseyri velocity gradually decreases toward midnight at all magnetic latitudes. Instead of the evening maximum, the Stokkseyri data show a strong velocity peak at ∼15:00 MLT.
Since average velocities in the evening sector for the KS radar are quite different from velocities for the Stokkseyri radar, which measures at typical auroral oval latitudes, one can hypothesize that the flows observed by the KS radar at lower latitudes can be associated with additional sources that are not operational at auroral zone latitudes. 
The event of 5 December 2001
To obtain insights into the reasons for the occurrence of highvelocity KS echoes we analyze one event in detail and identify geophysical conditions corresponding to such an event.
We consider data obtained on 5 December 2001.
Echo appearance
Figure 4 presents velocity data in beam 1 for the event of 5 December 2001 between 08:30 and 11:00 UT. For convenience, the l-o-s velocity is plotted in UT-range and magnetic latitude coordinates. One notices the "blob" of echoes with velocity exceeding 1.6 km/s at ∼62.5 • between 09:22 and 09:57 UT. These are exceptionally high velocities for any SuperDARN observations (e.g. Lacroix and Moorcroft, 2000) . If one assumes that the flow is L-shell aligned, then the total velocity would be in excess of 2.0 km/s (such estimates will be shown later). The event lasted for about 30 min. Echoes with much lower velocity existed prior, during and after the high-velocity blob period, at slightly lower latitudes. These were also F-region echoes (ranges >900 km), thus indicating that the high-velocity echoes were located at latitudes above ∼60 • . One can notice that the magnitude of the low-velocity echoes increased somewhat at about 09:00 UT and decreased back to low values after 10:00 UT, about 30 min after the high-velocity blob disappeared. In addition, within the highvelocity blob, one can notice a "poleward progression" of the high-velocity echoes. The high-velocity region starts at low latitudes and with time it is seen at progressively higher latitudes. We should note that such a progression is to some extent an apparent effect; analysis of the velocity maps shows that the region of enhanced velocity first appears at smaller ranges and then progresses to larger ranges corresponding to higher magnetic latitudes (the geometry of observations, Fig. 1 , is such that the radar beam is "tilted" toward the magnetic pole from the L-shell direction). We should mention that large velocities were observed not only in "azimuthal" beams, such as beam 1, but also in more "meridional" beams, such as beams 5-10. The velocity in more meridional beams was not as high as in the azimuthal beams but the radar started their detection from about 08:40 UT with a short-lived strong enhancement around 09:00 UT.
Geophysical conditions and enhanced flow within global convection pattern
First of all, we note that the event occurred at the recovery phase of a minor storm; the Dst was -30 nT and the Sym-H index was fairly stable for several hours around the interval of interest. The Kp index was 2+. Figure 5 summarizes other geophysical conditions on 5 December 2001. Figure 5a shows the maximum velocity detected in beam 1 (at any possible range) at every instant of time. We also indicate by a shaded bar the period for which the highvelocity echo blob was seen in beam 1 (c.f., Fig. 4 ). One can notice that the strongest magnitude of the flow was observed around 09:40 UT, and the gradual velocity magnitude increase started around 09:00 UT. What is special about 09:00 UT is that this moment is very close to the onset of the substorm at 08:57 UT (as identified from the IMAGE satellite optical data, some of which will be presented later) in the area to the east of the KS radar's FoV. We indicate the substorm onset on all panels of Fig. 5 by the vertical line. In Figs. 5b, c we present data documenting the substorm development. Figure 5b shows the magnetometer observations to the east from the area of high-velocity blob observations, over Alaska (mutual locations of the three magnetometers used will be shown later in Fig. 9 ). According to the Kaktovik magnetometer, located at a magnetic latitude of =70.7 • , the H-component started to rapidly decrease at around 08:57 UT. No decrease was detected at Gakona ( =63.5 • ), which indicates the latitudinal locality of the substorm. The record at the bottom of Figure 5b the geostationary Los-Alamos National Laboratory (LANL) satellite 1991-080. Over the event duration, the satellite was located in the pre-midnight sector of the magnetosphere (at geographic longitude of ∼195 • E, over the area of interest). The flux increases rapidly and strongly around 09:00 UT, in accord with the substorm development. One can recognize two separate intensifications about 20 min apart. These probably correspond to two separate particle injections into the plasmasphere boundary layer. Figure 5d shows the IMF conditions according to the ACE satellite. was mostly negative over the whole event duration. The B z component was around zero for at least 15 min prior to the onset and it turned northward around the onset time (the IMF data were shifted in Fig. 5c by 56 min to account for the disturbance propagation from the satellite position to the magnetosphere).
The final evidence of the substorm development can be inferred from the optical data collected by the IMAGE satellite; the onset is clearly identifiable at 08:57 UT. We do not show IMAGE data around this time; for the purpose of this paper, observations at different times are of more interest.
In Figs. 6a-d we present 4 frames of IMAGE WIC observations at (a) 08:50 UT, (b) 09:02 UT (c) 09:10 UT and (d) 09:34 UT and matched (as close as possible in time) SuperDARN convection maps. The convection maps were obtained by using the standard map potential technique of Ruohoniemi and Baker (1998) and by considering data from all Northern Hemisphere SuperDARN radars, including the KS radar.
The luminosity and convection maps in Fig. 6a correspond to a quiet oval ∼7 min prior to the substorm onset. The next two panels show the substorm development in the midnight sector. The last panel, Fig. 6d , shows the auroral oval during the substorm recovery phase; these observations correspond to the period of maximum velocity observed at KS.
The SuperDARN maps show some changes in the convection pattern as the substorm progresses. According to the morning sector vortex is less clear in Fig. 6b . The vortices are very similar to those reported by Grocott et al. (2002) for the substorm onset time. We notice that the flow within the dusk vortex is particularly strong on the west side, in agreement with large KS l-o-s velocities. The flow at this time has a significant meridional component; it is located at the most westerly edge of the auroral bulge. The enhanced westward flow at the equatorward edge of the evening vortex is also seen as yellow vectors. Figure 6d refers to the time about ∼15 min after the substorm onset. Here the dawn vortex seems to have disappeared while the dusk vortex still persists. One can see that the westward flow is now enhanced while the meridional flow weakened. Figure 6d shows strong westward flow at the equatorward edge of the dusk vortex that has expanded equatorward with respect to its location in the previous frame. Visual comparison of optical and convection data in Figs. 6c and d indicates that the high-velocity westward flow overlaps the equatorward edge of the auroral oval. Figure 7 gives a quantitative account of changes in the average intensity of the convection (as inferred from 1-min convection maps similar to the ones shown in Fig. 6 ) and luminosity for the entire evening sector of 19:00-23:00 MLT and for two latitudinal regions, 60 • -67 • and 67 • -74 • . The first (second) band of latitudes corresponds to the equatorward (poleward) portion of the auroral oval for the event under consideration. The luminosity intensity is presented in relative units. One can see, in Figs. 7a, b , that the luminosity in the equatorward portion of the oval increased abruptly at the substorm onset (vertical dashed line) and decayed significantly in about 20 min. The luminosity in the poleward portion of the oval started to increase near the onset time but reached a maximum ∼15 min later, after the auroral bulge expanded poleward. Convection in the equatorial portion of the oval started to increase ∼10 min prior to the onset and continued to increase until it reached its maximum at around 09:40 UT. Convection in the poleward portion of the oval showed a slight increase about 15 min after the substorm onset. Thus, the average convection in the equatorial portion of the auroral oval shows similar trends as the KS l-o-s velocity presented in Fig.5a . For the boundary identification, DMSP particle data were considered. The peak in the ion drift roughly coincides with the equatorward edge of the electron precipitation and relatively fast flow exists equatorward of this edge for several degrees of magnetic latitude. For the boundary identification, DMSP particle data were considered. The peak in the ion drift roughly coincides with the equatorward edge of the electron precipitation and relatively fast flow exists equatorward of this edge for several degrees of magnetic latitude.
First consider the joint IMAGE -SuperDARN observations at 09:02 UT presented in Fig. 8a . One can clearly see the large-scale convection vortex with the focus located to the northwest of the auroral bulge luminosity. The fastest flow is observed to the west of the auroral bulge, and is oriented westward. The flow is also westward (but not as fast) within the bulge area and equatorward (although the amount of vectors located equatorward of the oval is not significant). The enhanced flow correlates with the weaker precipitation/lower conductance to the west of the auroral bulge.
Convection data presented in Fig. 8b for 09:18 UT show the same overall pattern, although the velocity magnitudes are larger. More importantly, the enhanced velocities are now located at lower latitudes in the areas where the luminosity decreased (notice that all diagrams presented in this paper use the same scaling for the luminosity level). Finally, Fig. 8c corresponds to observations at 09:34 UT, the time of the largest westward velocities observed. The flow is clearly located at the very equatorward edge of the luminosity band, well equatorward of the strongest luminosity blobs at MLAT=70 • . This flow can be classified as SAPS, as observationally it satisfies all criteria in terms of the conditions, location and intensity of SAPS.
Because the data presented in Figs. 8a-c have some uncertainties in terms of mapping and spatial resolution of the IMAGE optical instrument, we compare the radar velocity data with observations of the DMSP F15 satellite that passed the KS field of view at about 09:18 UT, as shown in Fig. 9 Figure 10 . King Salmon 1-min velocity maps illustrating the onset of very high-velocity echoes roughly along the L-shell directions between ~09:34 and 09:38 UT. These echoes correspond to the extremely fast flow identified in Figure 8c . The transition from the very high velocities to the background ones is well seen in the central beams as a sharp velocity magnitude decrease.
Fig. 10. King Salmon 1-min velocity maps illustrating the onset of very high-velocity echoes roughly along the L-shell directions between
∼09:34 and 09:38 UT. These echoes correspond to the extremely fast flow identified in Fig. 8c . The transition from the very high velocities to the background ones is seen well in the central beams as a sharp velocity magnitude decrease. Fig. 9a we present the KS velocity map together with DMSP cross-track velocities. In Fig. 9b we present the DMSP data in more detail and also indicate the location of the equatorward edge of the auroral oval, as determined by the electron precipitation detector on this satellite. The equatorial edge of proton precipitation is also shown. We note that the DMSP velocity maximum is achieved near the equatorward boundary of the electron oval. One can see that the KS high-velocity echoes are located somewhat equatorward of the oval boundary, if one assumes that the oval edge is located at the same latitudes in the areas of the radar and DMSP measurements. As expected, the KS velocities are very comparable with the ion drifts measured by the DMSP (the "look" directions of radar and satellite measurements are about the same). Although the DMSP data show a double maximum in the ion drift velocity while crossing the highlatitude ionosphere, one cannot simply identify similar peaks in the radar data, as there are significant spatial velocity variations, so that more elaborate analysis is required to detect the peaks.
On the temporal and spatial variations of the flow speed
The radar data presented clearly show fast azimuthal flows near the equatorial edge of the auroral oval which can be identified as SAPS-like flow, at least for observations at ∼09:34 UT. Generally, the observed convection patterns can be affected by several factors, with the most important ones being the external IMF merging-related factors and particle injection-related factors. Separation of the effects of these sources in SuperDARN convection maps is a difficult task. To identify the additional component of the flow pattern outside the auroral oval, the SAPS component, Foster and Vo (2002) considered latitudinal variation of the MH l-o-s velocity divided by the cosine of the L-shell angle. In presenting the data in this way, they noticed a change in the rate of the velocity variation with latitude (presumably at the "edge" of the oval) or just simply detected a separate stream. Such signatures have been shown to persist during disturbed conditions. Despite the fact that the 5 December 2001 event occurred at relatively quiet conditions (Kp=2+), we apply a somewhat similar procedure to the KS observations. We concentrate here on a short interval of observations near 09:34 UT when the fast flows equatorward of the bright blobs of the oval luminosity were detected (as shown in www.ann-geophys.net/24/1591/2006/ Ann. Geophys., 24, 1591-1608, 2006 the L-shell angle at each bin of measurements, we can obtain estimates of the total convection velocity within the FoV. In Fig. 11 we present plots of the obtained velocity versus the L-shell angle for 2-min intervals for the same frames as the ones in Fig. 10 . To distinguish data from various beams a special color scheme has been adopted, as follows: black corresponds to data obtained in beams 0, 4, 8, 12; red corresponds to data in beams 1, 5, 9, 13; green corresponds to data in beams 2, 6, 10, 14; and blue corresponds to data in beams 3, 7, 11, 15. To understand the meaning and implications of these plots, consider the frame for 09:30-09:32 UT, Fig. 11a The presented scatter plot (and all others) is complicated, but it will be used only to illustrate some gross features, such as the development of relatively short-lived, high-velocity westward streams on top of fairly fast background flow. Our argumentation is as follows: if the flow were uniform and directed along the L-shells, all points in Fig. 11a would have to cluster around the same value (at various L-shell angles). In Fig. 11a , there are two clusters of points, one around −200 m/s and another one at -1300 m/s (horizontal line). The first cluster of points reflects the flow at high latitudes, well above the area of interest, and these points will not be discussed below. The other cluster of points reflects the background flow of ∼-1300 m/s. Figure 11b shows that the cluster of points around −1300 m/s is split onto two groups; one group of velocities is centered around -1000 m/s while the other group is centered around -1600 m/s. We believe that the second group reflects the development of SAPS-like flow within the KS FoV. Figure 11c shows that this second group of velocities is distinctly different from the rest of the points. Some points have velocity of -2.5 km/s. We showed in Fig. 8c that the largest velocities were observed at the most equatorward edge of the luminosity band. Finally, Fig. 11d shows only one cluster of points around -1300 m/s, indicating the disappearance of the SAPS-like flow enhancement. Thus, the data presented in Figs. 10 and 11 indicate that 1) the plasma flow can be very fast and cover a significant portion of the ionosphere near the equatorward edge of the auroral oval and 2) episodically, very high-velocity, azimuthally-oriented streams can be excited for short periods of 5-10 min.
Comments on other high-velocity King Salmon events
We studied in detail several other events for which very highvelocity echoes were observed by the KS radar in the afternoon/evening MLT sector and information on luminosity from IMAGE was available. A common feature of these events is that as the oval luminosity decays at the recovery phase of the substorm, a strong westward flow can be established at the equatorward edge of the auroral oval, in the area of weak precipitation (luminosity) and low ionospheric conductance, just as it was demonstrated for the 5 December 2001 event. The time delays between the substorm onset and the establishment of the strong westward flow varied between 10 and 50 min. It is important to note that the flows were not always channels extended over many hours of MLT; instead, often they looked confined to a certain MLT sector in which the luminosity was decreased. On several occasions, the SuperDARN convection patterns were extended well equatorward of the auroral oval and we were able to observe the flow intensity in these areas. One such example is given in Fig. 12 for the 1 December 2001 event, 07:12 UT. Here fast flow is seen in the dusk sector (∼18:00 MLT), and it extends well equatorward of the oval. The magnitude of the flow outside of the oval is comparable in magnitude to the one existing inside the oval (∼65 • , 18:00-22:00 MLT). Unfortunately, vectors are not available for even lower latitudes, and it is impossible to investigate how the convection decreases at lower latitudes. This specific case shows that fast flow equatorward of the oval is not always "detached" from the flow within the oval, in contrast flow channels at mid-latitudes are distinctly separated from flows within the oval. In this respect, it has been an important task to identify the KS events with SAPS-like flows that are "detached" from the auroral zone flow. Such attempts were unfortunately unsuccessful. For many high-velocity events, echoes existed only in the low number beams (azimuthally oriented), perhaps because of strong HF radio wave absorption in other beams. For such events, it was impossible to identify the latitudinal trends in the velocity. For some events, it was more or less clear that the monitored fast flow was well equatorward of the auroral oval. Figure 13 gives an example of such observations. Here the DMSP measurements are compared with velocities observed by the KS radar. The DMSP clearly indicate two peaks in the flow, one within the oval and another one well outside it. The KS radar sees regular background flow in most of the FoV. The exception is the blob of high-velocity echoes in beams 3-6. These echoes are located at the same magnetic latitudes as the enhanced flow channel observed by DMSP F15 equatorward of the oval. This example illustrates the difficulties of the KS radar to monitor fast flows; the echoes are limited to a portion of the area where the fast SAPS-like flow is expected.
Discussion
The data presented in this study show that the King Salmon radar regularly observes high-velocity echoes (l-o-s velocity >450 m/s) in the low number beams which are oriented close to the magnetic L shell directions (the L-shell angles are ∼10 • -20 • ). Such echoes occur mostly in the dusk sector between 16:00 MLT and 23:00 MLT with the largest l-o-s velocities at about 21:00 MLT (winter) and at a magnetic latitude of 65 • . The maximum observed l-o-s velocities are of the order of 2 km/s; if an assumption on the L-shell alignment of the flow is made, this would correspond to a total velocity of ∼2.5 km/s. Statistically, the largest average l-os velocities are achieved during the winter and the smallest during the summer. For individual scans, the high-velocity echoes cover a range of magnetic latitudes of at least several degrees. In this study, due to the lack of data in some beams in many events, no attempt has been made to determine the exact latitudinal width of the enhanced flow channels. Moreover, for some events, echoes were not detected at all in the high number, nearly poleward-oriented beams, leaving no chance for a channel width determination. The high-velocity echoes are generally observed at relatively low magnetic activity, as characterized by the Kp magnetic index (Kp<3-4). For stronger magnetic activity, some low range echoes (at magnetic latitudes of 58 • -60 • ) are still detectable but these are coming from the E-region and their velocity can be well below the E×B drift so that identification of the SAPS flow is problematic. The KS observations are reminiscent of the statistical morphology of SAPS flows determined from the Millstone Hill incoherent radar observations at low magnetic activity Ann. Geophys., 24, [1591] [1592] [1593] [1594] [1595] [1596] [1597] [1598] [1599] [1600] [1601] [1602] [1603] [1604] [1605] [1606] [1607] [1608] 2006 www.ann-geophys.net/24/1591/2006/ (Foster and Vo, 2002) . The similarities between the two statistics are that generally high velocities are seen by both systems and that the velocity maximum is observed in the dusk sector. There are, however, significant differences. An obvious one is that the MH radar sees SAPS more than 40-50% of the time between 20:00-22:00 MLT and at Kp=3-4 (see Fig. 8 in Foster and Vo, 2002) , while detection of the high-velocity echoes by the KS radar is very infrequent. We showed in Fig. 2a that the echo occurrence rate at KS is less than 15% at the expected latitudes and magnetic local times (15:00-24:00 MLT) of SAPS for December 2001. This makes SAPS detection more difficult, especially in view that for the subsequent years (2002) (2003) (2004) , the echo occurrence at KS went down, in accord with a general decay of the solar activity. We counted the number of high-velocity events (beam 1) for the three months considered in Fig. 2 , as well as for June 2002, due to reduced events in the summer, for those days for which the echoes were detected at the expected latitudes and in the magnetic local time sector of SAPS. The threshold velocity was set to 450 m/s (similar to Parkinson et al., 2005b) . We found that significant high-velocity events were observed in 46% (winter), 28% (equinox) and 26% (summer) of the days with reliable echo detection. We should mention that Parkinson et al. (2005b) reported larger high-velocity echo occurrence rates for the BI Super-DARN radar in Australia, of the order of 40-50% (at least "every third night of observations"). These authors considered data in beam #15 which has the flow angle with L shells of ∼50 • (versus 10 • for the low-latitude KS beams). The flow was classified as fast if the l-o-s velocity was > 450 m/s. The BI occurrence rates are in agreement with the KS statistics for winter. For equinox and summer, the KS radar detects fewer high-velocity events than the BI radar.
The lower rate of fast flow detection at KS as compared to the MH observations originates, very likely, from the difference in the radars' capabilities. While the MH radar provides velocity measurements most of the time wherever its beam is pointed, the KS HF radar is very sensitive to the horizontal and vertical electron density distribution in the ionosphere, so that the echo cannot be detected even if irregularities, and fast flows, do exist in the ionosphere. In addition, the KS radar can only reliably observe azimuthal flows at latitudes 62 • -65 • in a very narrow range of MLT sectors, for individual scans. The echo band for the KS observations is not usually large; more equatorward parts of the ionosphere are not often accessible for echo detection because of low electron density, leading to insufficient radio wave refraction, and for observations deeper into the oval, radio wave absorption is too strong for the echoes to be detected or strong E-region density can over-refract radio waves and blanket echoes from the F region. This means that a significant portion of the high-latitude ionosphere is simply not accessible for HF measurements. The differences between the KS and BI observations can be explained by the lower sensitivity of the KS radar itself, primarily because of the types of antennas used.
Another important difference in the KS and MH observations is in the average velocity. At 21:00 MLT the KS radar measures speeds up to 750 m/s (Fig. 2a) at =65 • . Foster and Vo (2002) reported 250 m/s (see their Fig. 6 ) at this latitude, though for stronger magnetic activity of Kp=6.
For these conditions, velocities of 750 m/s were observed at the latitude of ∼ 57 • , and one might think that the velocity peak was shifted to lower latitudes at larger Kp. Indeed, according to Fig. 3 in Foster and Vo (2002) , the SAPS peak should be located at the latitude of ∼62 • for Kp=4 and perhaps even at higher latitudes for smaller Kp, meaning that the latitudinal locations of the SAPS peak for the MH and high-velocity KS observations are very comparable. However, with the Kp decrease the magnitude of the flows also decreases; according to Fig. 5 of Foster and Vo (2002) , it changes from ∼1000 m/s at Kp=6 to ∼500 m/s at Kp=3. This implies that, generally, the KS velocities are larger than the ones reported by Foster and Vo (2002) .
The MH and KS velocities are also different with respect to the time at which their maximum is observed. For Kp=4, the MH maximum (peak) velocities occur at ∼16:00-18:00 MLT (see Fig. 3 of Foster and Vo, 2002) while at KS it is at ∼21:00 MLT for winter and equinox, and there is an additional peak between 16:00-17:00 MLT during summer. The reason for this difference is not clear. We should remind the reader that in this study we considered the l-o-s velocities roughly along the L shells. The velocities reported by Foster and Vo (2002) included observations at all MH radar azimuths, along and perpendicular to the flow, and the assumption that the flow is L-shell aligned has been made by these authors. It is not clear to what extent such an assumption is applicable to observations at large flow angles. For example, because the large-scale convection cells' foci are often observed at ∼18:00 MLT, the flow is often round in shape and one hardly can expect it to be L-shell aligned in this time sector. In this respect, it is interesting to note that Ridley and Liemohn (2002) predicted significant departure of SAPS flows from the L-shell directions at ∼18:00 MLT (see their Fig. 6 ).
Our detailed analysis of the fast flows location with respect to the auroral oval (as seen by IMAGE and DMSP) showed that enhanced flows often occur at the equatorward edge of the auroral oval in the area where the ionospheric conductance is low because of the lack of precipitating particles. Such situations are not rare at the recovery phase of a substorm. Thus, some fast flows seen by the KS radar occur under conditions similar to the ones observed during SAPS events. In this view, such flows can be called SAPS and related to the same production mechanisms as SAPS.
Our attempts to locate events with very narrow jets, as well as strong jets clearly detached from the main flow in the auroral oval, were unsuccessful. This is consistent with the observations by Foster and Vo (2002) , who reported the detached channel formation only for magnetically active periods with Kp>5. As we mentioned, for such conditions, the expected location of the SAPS flow is equatorward of the KS FoV. Clearly, the recently built low-latitude SuperDARN radars will be in a better position to address this issue.
For the events considered in this study (and several others that we studied), the strong westward flows had a similar pattern of development during the course of a substorm. At the substorm onset time, a clockwise vortex of dusk plasma flow was usually seen. This is consistent with the model of the substorm-related convection pattern development proposed by Grocott et al. (2002) . The focus of the vortex was located in the late dusk sector and at latitudes ∼ 70 • , slightly poleward and westward of the developing bulge of the auroral luminosity. The vortices often exhibited strong equatorward (meridional) flows at their eastern edge. Some of the near onset-time vortices showed an enhanced westward (azimuthal) flow at their equatorward portion, as well. Similar enhancements of the azimuthal flows have been reported by Provan et al. (2004) , in their Fig. 7 . These flows well might be the ones noticed by Parkinson et al. (2003a Parkinson et al. ( , 2005a at lower magnetic latitudes. Thus, our data support the finding of Parkinson et al. (2003a Parkinson et al. ( , 2005a that the westward flow can be enhanced at the substorm onset time in the area equatorward of the expanding auroral bulge. The difference from previous reports is in the timing for the onset of strongest westward flows; we noticed them to occur with a delay of 10-50 min after the substorm onset.
Later on, during the substorm expansion phase, the convection vortices evolve into more large-scale, cell-like flows and eventually disappear. After some time from the onset (∼40 min for 5 December 2001) strong and more stable westward/azimuthal flows appear at the equatorward edge of the dusk convection cell in the dusk sector of ∼19:00-23:00 MLT. These flows exist for at least 10-20 min, and they overlap with the equatorward edge of the auroral oval. The delay in strong flow development is consistent with satellite detection of strong SAIDs about 30 min after the substorm onset (Anderson et al., 1993) . In this respect, an interesting result was published by Provan et al. (2004) . These authors statistically studied the convection pattern evolution in the course of a substorm. By searching through their Fig. 8 , we discovered that those data also show an additional enhancement of the azimuthal flow ∼14 min after the substorm onset. Upon our request, the first author of this study (G. Provan) performed a more detailed estimate of the time when the velocity was at maximum (in their paper, only convection patterns at 4, 14, 20 and 28 min after the onset were presented). It was found that maximum velocities are achieved ∼16 min after the substorm onset. Thus, the delays of 10-50 min that we reported are consistent with the completely different data set (no KS observations) of Provan et al. (2004) .
We should note that for the event of 5 December 2001 the fastest flows were observed at the time when the IMF B z had changed polarity to negative values. It might be that such a change activated merging processes in the tail and thus provided stronger convection at the edge of the auroral oval through either energetic particle delivery or a magnetospheric electric field increase and stronger field penetration outside the oval. However, we note that the velocity in beam 1, Figs. 4 and 5a, was persistently increasing in magnitude well before the B z changes occurred. It even seems that the B z transition did not change the temporal trend of the azimuthal velocity.
The data presented in this study show that the fast flows vary in velocity magnitude quite quickly. We showed in Fig. 11 the development of short-lived, very fast streams (up to 2.5 km/s) over the period of several minutes. These existed on top of the background azimuthal flow of ∼1.3 km/s, which, by itself, is unusually fast. Our data are similar to observations by Erickson et al. (2002) and Foster et al. (2005) , who reported the high variability of the flow within the SAPS channel by looking at the E-region power data underneath the SAPS flow in the F region.
In terms of the mechanism of high-velocity flow formation, our data support a notion that strong westward flow channels near the equatorward edge of the auroral oval develop when the Region 2 FAC flows into the ionosphere with low conductance, due to the lack of precipitation there (e.g. Foster and Burke, 2002) . Such conditions frequently occur at the recovery phase of the substorm in the equatorial part of the auroral oval where precipitation suddenly ceases to exist. A decrease in the precipitation intensity happens with various delays after the substorm onset, and it is not surprising that high-velocity flows detected by the KS radar have different delays from the onset time, ranging from about 10 min to 50 min. It might well be that strong plasma flows near the equatorward edge of the auroral oval are enhanced by energetic protons penetrating into the inner magnetosphere, as suggested by Galperin (2002) . The data available do not allow us to evaluate the relative importance of each of these factors.
Conclusions
In this study we showed that:
1. The King Salmon SuperDARN radar regularly detects enhanced flows (velocity >450 m/s) roughly along the magnetic L-shell directions at magnetic latitudes of 60 • -65 • and in the local time sector of 16:00-23:00 MLT. The flows are seen either as a broad band of echoes covering several degrees of magnetic latitude or echoes in several L-shell aligned beams corresponding to ∼1 • -2 • of magnetic latitude. The enhanced flows are seen ∼30% of the echo detection time and at relatively low magnetic activity of Kp<3-4. In individual events, the line-of-sight velocity can be as high as 2 km/s, which is in the range of maximum velocities seen with any SuperDARN radar. There are seasonal trends in the average velocity of the flow; velocities are largest (smallest) for the winter (summer) conditions. The maximum velocities are observed around 21:00 MLT during winter and equinox, and there is an additional peak at 16:00-17:00 MLT during summer.
2. For a number of identified fast flow events, the velocity maximum coincides with the equatorward edge of the auroral oval/precipitation, as inferred from the DMSP and IMAGE particle data. Exceptionally high velocities were observed in the areas of low local precipitation.
3. The band of high-velocity echoes can consist of shortlived (5-10 min) streams with exceptionally high velocity which occurs in the areas of low precipitation.
4. For a number of analyzed events, the fast flows occur at the recovery phase of a substorm developing in the area of observations. The velocity of the westward flow starts to increase near the substorm onset time, in agreement with previous coherent radar studies, but the maximum velocities are achieved later, 10-50 min after the onset. The enhanced flows constitute the equatorward part of the large-scale dusk convection cell in the 19:00-23:00 MLT sector. The westward velocity enhancement occurs after the substorm-related large-scale convection vortex, centered typically near the westward edge of the auroral luminosity bulge, evolves into larger-scale celllike flow. Also, the fastest flows are seen with some delay from the arrival of energetic protons to the geostationary satellite located in the duskside magnetosphere.
5. The observations indicate that at least some of the observed high-velocity westward flows seen by the KS radar can have the same origin as subauroral polarization streams, and thus this radar is a useful instrument for studying these streams at low magnetic activity.
